A number of histopathology studies have utilized the label free microscopy method of Second Harmonic Generation (SHG) to investigate collagen organization in disease onset and progression. Here we explored an alternative label free imaging approach, LC-PolScope that is based on liquid crystal based polarized light imaging. We demonstrated that this more accessible technology has the ability to visualize all fibers of interest and has a good to excellent correlation between SHG and LC-PolScope measurements in fibrillar collagen orientation and alignment. This study supports that LC-PolScope is a viable alternative to SHG for label free collagen organization measurements in thin histology sections.
Introduction
Collagen, the most abundant protein in vertebrates, forms the structural network of the extracellular matrix (ECM) in biological tissues. Different collagen types may exhibit different structural characteristics. For example, fibrillar collagen type I is composed of triplehelical macromolecules that self-assemble into fibrils and fibers. The amount, distribution, and structural organization of fibrillar collagen are all important factors underlying the properties of tissues and play an integral role in many diseases including cancer. There have been many studies using collagen as a biomarker in wound healing, aging, and other pathologies including fibrosis, atherosclerosis and diabetes [1] [2] [3] [4] [5] [6] . Collagen organization parameters, specifically fiber orientation and alignment, have been shown repeatedly to play an important role in progression and metastasis of cancer [7] [8] [9] [10] .
A variety of established methods currently exist to visualize collagen fibers in tissue. Some of these methods are only applicable in thin-sectioned histological samples such as 1) Stains: picrosirius red (PSR), Movat's pentachrome and Masson's trichrome [11] [12] [13] [14] ; 2) Antibody detection [15] ; 3) Polarized microscopy, which is usually used to enhance the visualization of PSR stained tissue [16, 17] ; 4) SHG imaging [18, 19] . Other methods to visualize collagen such as electron microscopy [20] , atomic force microscopy [21] , and scanning electron microscopy [22] have largely been limited to non-routine highly specialized application due to a very small field of view, highly technical sample preparation, and very high cost equipment.
The non-centrosymmetric structure of fibrillar collagen, which is necessary for producing second harmonic signal, makes SHG highly specific to this molecule [19] . Because of its specificity, resolution, label-free detection, and ability to optically section, SHG has become a very popular fibrillar collagen imaging method. However, high cost, complexity, and the need in some cases for experienced optical engineers make it impractical for routine pathology practices. Undoubtedly, SHG has great advantages in terms of imaging depth and higherorder information using forward to backward ratio [23] and polarization based studies [9, 24] etc. However, as most of the reported histopathological studies are only using thin pathology sections with a standard thickness of 5 µm and only looking at collagen topology or organization, the advantages mentioned above are not of primary interest [7, 8, 25, 26] .
Polarized light microscopy is capable of non-destructively measuring molecular organization in biological samples in their native conditions. However, traditional polarized microscopes can only image anisotropic structures that have a limited range of orientations with respect to the polarization axes of the microscope. Furthermore, rapid measurements are restricted to a single image point or single area that exhibits uniform birefringence or other forms of optical anisotropy [27] . As a result, it will take an inordinately long time to compare measurements at several image points [28] . To overcome the limitations of the traditional polarized light microscope, Oldenbourg et al. developed a new type of polarized light microscope, the LC-PolScope, which incorporates a precision universal compensator made of two liquid crystal variable retarders [29] [30] [31] . The two variable retarders are computer controlled and replace the traditional compensator of the polarizing microscope. The LC-PolScope is typically implemented on a wide field microscope equipped with CCD camera and specially designed, computerized image analysis system. This LC-PolScope system and its open access implementation OpenPolScope (openpolscope.org) can provide fast measurements of specimen anisotropy, such as retardance and slow axis orientation, at all points of the image constituting the field of view. Because of its fast speed, high sensitivity, and ease of use for measurements of optical anisotropies, the LC-PolScope can advance the analytical power of the polarizing microscope in all of its traditional application areas such as biology, physics and material science (Oldenbourg, R. (2005) Polarization microscopy with the LC-PolScope. in R. D. Goldman and D. L. Spector (eds.) Live Cell Imaging: A Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. http://hdl.handle.net/1912/6277). We report here the first use of the birefringence mode of the LC-PolScope for quantitatively imaging fibrillar collagen in tissues, and comparing it against SHG microscopy. Previous studies [32, 33] have used the LC-PolScope as a tool for looking at directionality of collagen fibers and alignment in collagen gels but not for quantitating collagen organization in pathology samples. This study proposes that the LC-PolScope could be a powerful tool for histopathology by measuring changes in collagen organization. Images from both, PolScope and SHG imaging were quantitatively compared using breast and pancreatic cancer pathology slides. The estimated correlation between orientation data measured by SHG and PolScope was 0.68 for breast cancer, and 0.80 for pancreatic cancer, and the estimated correlation for alignment was 0.69 in breast cancer and 0.65 for pancreatic cancer. Our investigation shows that the LC-PolScope, a cheaper, and simpler modality than SHG, can be used for the quantification of collagen fibers orientation and alignment.
Methods

Imaging systems
SHG imaging was performed using a custom-built multiphoton microscope (CAMM) at the Laboratory for Optical and Computational Instrumentation (LOCI) at the University of Wisconsin-Madison. This system was used to collect bright field images as well as forward direction SHG excited by a MIRA 900 Ti: Sapphire laser (Coherent, Santa Clara, CA) tuned to 780 nm and 100fs pulse length. A circularly polarized laser beam was generated and focused on the sample using a 40X`/1.25NA water immersion objective (Nikon, Melville, NY). The forward SHG signal was separated using a 390/18 nm filter (ThorLabs) and sent to a H7422-40P GaAsP photomultiplier tube (Hamamatsu, Hamamatsu, Japan). The imaging system and the motorized stage were controlled by in house developed acquisition software, WiscScan (http://loci.wisc.edu/software/wiscscan).
The LC-PolScope was implemented using the OpenPolScope hardware and software for birefringence imaging (openpolscope.org), and built around a Nikon Eclipse TE200 equipped with a 549/15 nm interference filter, 20x/0.4NA Plan objective and dry condenser (0.85 NA). Images were acquired using an ORCA-Flash4.0 V2 Digital CMOS camera (Hamamatsu, Hamamatsu, Japan).
Polarized picrosirius imaging was performed on a traditional transmission pathology microscope (BX53; Olympus Corp.) using a 20 × objective (UPlanFL N NA = 0.50; Olympus Corp.) without polarizers (PSR) and with linear polarizers (PSR-POL). Images were digitally captured using cellSens acquisition platform (Olympus Corp.).
Sample preparation
As a positive control for collagen signal, collagen type I, formalin fixed paraffin embedded (FFPE) human colon tissue was commercially obtained (BioServe Biotechnologies, Beltsville, MD). Tissue sections were cut at 5 μm, mounted on slides, and stained with anticollagen I antibody (Abcam, rabbit monoclonal, clone EPR7785). Human pancreatic tumor tissues were obtained either as FFPE tissue blocks from our institution (UW IRB # 2013-0148) or as a tissue microarray from a commercial vendor (US Biomax, #HPan-Ade180Sur-01). All pancreatic tissues were sectioned and stained with hematoxylin and eosin (H&E) per standard procedures and three adjacent sections to H&E stained samples were used for picrosirius red staining. Human breast tissues were obtained either as formalin fixed tissue blocks from our institution that we paraffin embedded, sectioned at 5 μm, mounted on slides, and stained with hematoxylin and eosin (H&E) per standard procedures. We also used a tissue microarray of breast cancer patients from previous studies [7, 26] .
LC-PolScope system
The design of the LC-PolScope for birefringence imaging is similar to that of the traditional polarized light microscope except for two major modifications: 1) the specimen is illuminated with near circular polarized light; and 2) the traditional compensator is replaced by a liquid crystal based universal compensator. To 1), in a traditional polarized light microscope, the specimen is illuminated with linearly polarized light, in which case the images display only those anisotropic structures that have a limited range of orientations with respect to the polarization axes of the microscope. In the LC-PolScope, however, a circular analyzer and a controllable circular/elliptical polarizer, enable the instrument to detect all the fibers in all directions with very high sensitivity, even without any staining. To 2), in the LC-PolScope, the traditional crystal compensator is replaced with a set of two liquid crystal variable retarders. The two liquid crystal devices are controlled electronically by a computer and can rapidly produce any polarization state. The schematic diagram of the birefringence LC-PolScope is illustrated in Fig. 1 [34] . To obtain a birefringence image that represents the retardance and slow axis orientation in every image point, the system takes five images at five different polarization states. The first polarization setting produces circularly polarized light, and the other four settings produce elliptically polarized light with different long axis orientations. The 5 raw images are then used to generate high resolution maps of specimen retardance and slow axis orientation using image arithmetic previously described by [31] .
Image analysis
Collagen organization parameters, specifically fiber orientation and alignment, have been shown repeatedly to play an important role in progression and metastasis of cancer [7] [8] [9] [10] . Since these studies mostly use SHG for collagen imaging, we used the following workflow to show the alignment and orientation are easily measurable using the LC-Polscope, which are in agreement with the results from SHG imaging: (1) SHG and PolScope images were manually registered with the image analysis package Fiji [35] using landmark correspondences plugin [36] , to find the best affine transform; (2) All the images were analyzed using the analysis program CT-FIRE [37] to extract all the individual fibers; and (3) To calculate the alignment and orientation, CurveAlign [26] , another custom built fiber network analysis software developed at LOCI was used in CT-FIRE fiber segments mode. In step (2), before CT-FIRE analysis, the PolScope images were converted from 16-bit to 8-bit and a threshold of 25 was applied to 7 breast cancer samples to remove the background and very low birefringent molecules such as cell membrane for a better visualization; in CT-FIRE analysis, background threshold was set to 3-6 for SHG images and thresholded PolScope images, and 30-40 for other PolScope images. For the thresholded PolScope images, we did not change the image look up table of the original images whose CT-FIRE threshold would be a simple addition of two corresponding thresholds mentioned above. In step (3), to account for the difference in collagen content and find the representative collagen patterns in the images, 2-4 regions of interest (ROIs) with different sizes (256 pixels x256 pixels, 512 pixels x 512 pixels, 1024 pixels x 1024 pixels) were manually annotated using ROI manager of CurveAlign for the registered SHG-PolScope images, and the orientation and alignment of fibers within each ROI were calculated.
Fiber orientation was defined as the angle with respect to the horizontal axis, ranging from 0° to 180°. To overcome the angle ambiguity between the angles around lower limit and upper limit, e.g., 0° and 180° essentially indicate the same orientation but the difference in absolute angle is significant, we used a sinusoid function " * sin( ) 180
x π " to map the orientation values from 0 to 180 degrees to the [0, 1], where x is the orientation value in degree.
Collagen alignment is a measure of the similarity of the orientations of collagen fibers in a defined area, calculated as the mean resultant vector length in circular statistics [38] . The alignment coefficient ranged from 0.0 to 1.0, where larger alignment coefficients indicates fibers in a given image or ROI are more aligned.
Statistical analysis
Correlation assessment was conducted on each of the fiber metrics(fiber orientation and alignment), measured by PolScope and SHG, by using a linear mixed-effects model with unstructured covariance matrix (for both the random effects and random error) in SAS 9.4 to account for the repeated measures per patient [39] . The correlation value ranges from −1 to + 1, where values of + 1 or −1 denote perfect concordance and discordance, while a value of zero denotes its complete absence. The guidelines for interpretation from [40] are as follows: less than 0.40 -poor; 0.40-0.59 fair; 0.60-0.74 good; 0.75-1.00 excellent.
Results
The first step for assessing LC-PolScope as a collagen imaging tool was to verify its ability to visualize fibrillar collagen type I. To this end, we performed collagen I antibody staining on colon tissue, which provides a positive control as collagen I is robustly expressed surrounding intestinal crypts. Figure 2 shows two image samples of the collagen I antibody stained colon tissue. In this figure each row shows a different field of view on tissue slide. The images on the right column are the bright field images of the antibody stained tissue and on the left column the PolScope images (red channel) are overlaid on the bright field images. The brown fibrillar structure in the right column is collagen type I fibers. Through a visual inspection, all fibers stained with collagen type I antibody were also observed in PolScope images. Since PolScope is able to visualize birefringent materials, we can also see cell bilipid membranes, although they were much dimmer than collagen. Figure 4 shows a region from a breast tissue imaged using SHG and LC-PolScope systems, Fig. 4(A) and 4(B) . The CT-FIRE fiber detection results and also three selected ROIs are represented in Fig. 4 (C) and 4(D). Figure 5 shows a region from a pancreatic tissue imaged using SHG and LC-PolScope systems, Fig. 5(A) and 5(B) . The CT-FIRE fiber detection results and also three selected ROIs are represented in Fig. 5 (C) and 5(D). The Bland-Altman plots of orientation and alignment for breast cancer ROIs are plotted in Fig. 6 . Bland-Altman plot shows the difference between two measurements of the same parameter vs. the average of these values [41] . Red dotted lines show the mean and the green lines show the (mean ± 1.96 STD), which is called the 95% confidence interval (CI). 10 patients with breast cancer were used for imaging with SHG and LC-PolScope. Orientation and alignment in breast and pancreatic cancer were measured in 2-4 ROI for each patient. The estimated correlation for orientation as measured by SHG and PolScope in breast cancer was 0.68, and the estimated correlation was 0.69 for alignment. The agreement between SHG and PolScope for orientation and alignment in breast cancer is good. 24 patients had pancreatic cancer that was evaluated using SHG and PolScope. The estimated correlation for orientation as measured by SHG and PolScope in pancreatic cancer was 0.80, and the estimated correlation for alignment was 0.65. The agreement between SHG and PolScope for orientation in pancreatic cancer is excellent, and the agreement for alignment is good.
Discussion
Growing research in histopathological collagen analysis demands cheaper, quicker and less sample preparation and complexity due to the high cost, relatively slow collection and complexity of SHG instrumentation. On the other hand, pathological staining involves more process and possible changes in workflow. The need for a more compact, easily accessible and clinically applicable method led us toward using an alternative collagen imaging method for thin sectioned tissue samples. PolScope is a highly sensitive tool for birefringence measurement. Thus it should be able to readily detect fibrillar collagen as it is a highly ordered molecule and one of the most birefringent proteins in the body. Traditional polarized microscopes usually use picrosirius staining which intensifies the dichroism of collagen fibers reported to be 700% by Junqeira et al [16] and 5-6 times by [42] . We observed 10-15 times increase in collagen dichroism enhancement in breast and pancreatic cancer tissues in our experiments using PolScope. This discrepancy is probably because of the different tissue types and staining methods. Although we believe because of higher sensitivity of PolScope compared to traditional microscopes, it might be a better method for further investigation of birefringence/dichroism enhancement. There is no published evidence that H&E staining elevates the dichroism/birefringence of the tissue. Our preliminary tests confirmed no significant change in dichroism/birefringence of H&E stained tissue compared to unstained samples. For this reason we decided to use H&E stained samples since it's easier to find the same region on different microscopes. Another advantage of using H&E is that it increases the utility for pathologists and biologists, as H&E is the gold standard histopathology labeling method for research and clinical applications. Traditional polarized light microscopy relies on rotating the stage for identifying birefringent or dichroic samples, which is not always the best solution, because it can introduce undesired displacement. This has been solved in PolScope by using a liquid crystal to rotate or change the polarization state electronically without the need to move any part. Hence, all the images taken with different polarization are perfectly registered. Unlike traditional polarized microscope in which the compensator converts retardance values to a color, using the subtraction of a specific wavelength from white light [43] , PolScope can measure this parameter precisely.
Using collagen I antibody stained slides, as the gold standard method, helped us verify that PolScope can visualize all the type I collagen fibers (Fig. 2) , which is one of the abundant collagen fiber types in these pancreatic and breast samples. Although there are other types of molecules in the body that show birefringence properties such as lipid bilayers of the cell plasma membrane, mitotic spindle fibers, actin filament bundles, and etc [43] , collagen fibers, due to their thickness and highly aligned molecular bonds, usually show much stronger birefringence which makes it the dominant value to set the birefringence ceiling that is being mapped to the image highest intensity. This way the other birefringent parts of the cell will have much lower brightness and can be easily removed by intensity thresholding. This is important as future applications of Polscope to other tissue types will need to differentiate collagen signal from other birefringent signals. This is a noted advantage still of SHG in that the signal is selective for collagen.
PolScope images are captured using a lower NA (o.4) objective compared to SHG (1.25) . So visualizing thinner fibers demanded using high lamp power, which in turn results in saturating very thick or closely packed bundle of fibers. However, orientation and alignment would not change.
Picrosirius red staining collagen is still one of the most popular methods collagen imaging for pathological practice and research. Although PolScope doesn't need any staining for collagen imaging, it still outperforms traditional polarized microscopy of picrosirius stained samples in terms of fiber orientation dependency and sensitivity to smaller fibers (Fig. 3) . Since unlike traditional polarized microscopy, PolScope visualizes all the fibers in all directions with the same intensity, the discontinuities in the fibers path are much less and fiber tracking and quantification is more accurate.
Since in this study the pathological information of the patients was not the concern, the ROIs were selected mostly from collagen rich regions that show different levels of alignment visually. The alignment and orientation comparison results for breast and pancreatic cancer show that PolScope can be used as a very cheap, less bulky, and user friendly alternative for collagen imaging in thin sectioned samples. For the statistical analysis we used a linear mixture model, which estimates the correlation between two measurements of the same parameter measured with different methods. According to the interpretation method from [44] the guidelines for interpretation are as follows: less than 0.40 -poor; 0.40-0.59 fair; 0.60-0.74 good; 0.75-1.00 excellent. The agreement between SHG and PolScope for orientation (0.68) and alignment (0.69) in breast cancer is good and the agreement between SHG and PolScope for orientation in pancreatic cancer is excellent (0.80), and the agreement for alignment is good (0.65). Although the results show that PolScope can be utilized for collagen network organization analysis, there are different sources that contribute to the deviation from complete correlation. Some of these reasons are: 1) Unlike SHG imaging LC-Polscope is not specific to fibrillar collagen. LC-Polscope can detect other birefringent parts of tissue such as cell membrane, nuclei membrane, actin filament, mitotic spindle, etc. 2) The two systems (SHG and PolScope) have completely different imaging physics and they need their specific optical parts like the objective lenses, which require different coating and NA for each modality. Multiphoton microscopy objectives are designed to provide high transmission over a wide wavelength range for transmitting stimulation and emission signals. Whereas polarized microscopy objectives are designed for less polarization distortion. Since high NA can distort light polarization, polarization microscopy objectives are chosen to be low NA for blocking any unwanted beam. So the higher NA objective selected for SHG imaging (1.25NA Vs 0.4 NA for PolScope) will result in higher resolution and aid in visualizing more of thinner fibers with different orientations.
3) CT-FIRE recognizes the fiber image discontinuities and very curvy fibers as several fibers with different orientations.
In this study we used CT-FIRE for fiber detection and CurveAlign for alignment calculation. As we mentioned earlier there are other parts of the tissues and cells that are birefringent but their retardance value is much smaller than collagen. This can be seen in the top part of Fig. 5(A) . This will allow us to successfully eliminate those regions by thresholding when we are just interested in collagen imaging. The thresholding can be performed on the image itself. Here we used the thresholding option in CT-FIRE and the threshold value was set to 30 in all the 8 bit images. Considering the retardance ceiling value set to 15 nm, this threshold value corresponds to ~1.7 nm for the retardance.
This was a preliminary study to investigate the PolScope possibilities for collagen visualization and we will proceed to utilize other PolScope possibilities such as slow axis orientation measurements for investigating collagen fiber structure and the effect of different disease such as cancer on this parameter. We are also testing the sensitivity of PolScope to different collagen types, specially collagen type IV, to figure out which types can be visualized, as well as looking for a way to distinguish between different collagen types, based on their optical properties.
Conclusion
In this study we showed when looking at the orientation and alignment of a collagen network in thin sections, PolScope can be used as a practical and viable alternative to SHG and staining. Using PolScope as a cost effective, simple and compact system would be desirable in clinical trials or by pathologists in their workflows.
